The polo-like kinases (Plks) are a conserved subfamily of Ser/Thr protein kinases that play pivotal roles in regulating various cellular and biochemical events at multiple stages of M phase. Genetic and biochemical data revealed that both the budding yeast and the fission yeast polo kinase homologs (Cdc5 and Plo1, respectively) bear remarkable functional similarities with those in metazoan organisms, suggesting that the role of Plks is largely conserved throughout evolution. Thus, studies on Plks in genetically amenable lower eucaryotic organisms may yield valuable insights into the function of Plks in higher eucaryotic organisms. In this review, common properties and distinct functions of Cdc5 and Plo1 will be discussed and compared to properties and functions of Plks in higher eucaryotic organisms.
Members of the subfamily of polo-like kinases (collectively, Plks) have been isolated from budding yeast to mammalian organisms and play pivotal roles in cellular proliferation Nigg, 1998; Dai et al., 2003) . They possess a kinase domain in the N-terminal sequence and are characterized by the presence of two highly conserved polo-boxes (PB1 and PB2) in the Cterminal noncatalytic region (Hudson et al., 2001; Seong et al., 2002) . Whereas mammalian cells have at least four Plks (Plk1, Plk2, Plk3, and Plk4; for reviews, see Glover et al., 1998; Nigg, 1998) , the budding yeast Saccharomyces cerevisiae and the fission yeast Schizosaccharomyces pombe have only one apparent Plk homolog (Cdc5 in budding yeast (Kitada et al., 1993) and Plo1 in fission yeast (Ohkura et al., 1995) ) that bears structural similarity with other subfamily members. Comparison of the amino-acid sequences between human polo-like kinase 1 (Plk1) and the yeast Plks (Cdc5 and Plo1) revealed that they exhibit 49% identity (69-70% similarity) in the N-terminal kinase domain and 33-46% identity (53-61% similarity) in the two polo-boxes ( Figure 1 ). Overexpression of either mammalian Plk1 or Plk3 rescued the lethality associated with the loss of CDC5 function in budding yeast (Lee and Erikson, 1997; Ouyang et al., 1997) , although Plk1 appears to be more functionally relevant to CDC5. Thus, critical functions of Plks have likely been conserved from budding yeast to mammals throughout evolution.
Subcellular localization and the polo-box domain
Studies in cultured mammalian cells revealed that Plk1 localizes to the centrosomes and kinetochores in late S or early G2, and remained at these structures until metaphase/anaphase transition (Golsteyn et al., 1995; Lee et al., 1995; Arnaud et al., 1998; Seong et al., 2002) . In anaphase, Plk1 localizations to these sites become weakened, as Plk1 begins to relocalize to the spindle midzone and later to the midbody (Golsteyn et al., 1995; Lee et al., 1995; Seong et al., 2002) . Consistent with the structural and functional similarities to Plk1, yeast Plks exhibit strong localization to the spindle pole bodies (SPBs) but with apparent differences in timing. Cdc5 localizes to the SPBs (Shirayama et al., 1998; Song et al., 2000) as early as in G1 and remains there until late mitosis (Figure 2 ), whereas Plo1 associates with the SPBs after the activation of Cdc2 (Cdk1) and dissociates from the SPBs as Cdc2 becomes inactive (Mulvihill et al., 1999) . Although weak Plo1 localization has been detected at the spindles (Bahler et al., 1998; Mulvihill et al., 1999) , yeast Plks do not appear to localize to the spindle midzone. Instead, they localize to the cytokinetic ring structures; Cdc5 localizes to the septin ring filaments in G2 and remains until late mitosis see Figure 2 ), whereas Plo1 localizes to the medial ring structures at the time of their formation (Bahler et al., 1998) . Dynamic subcellular localization of Plk homologs presages the functional complexity of these enzymes in various organisms. The apparent localization differences between yeast and mammalian Plks may reflect differences in the spatial and temporal regulation of the mitotic and cytokinetic machineries that these organisms utilize.
Alignment of the C-terminal domains of known Plks revealed two distinct regions with significant homology (Hudson et al., 2001 ; see Figure 1 ). Without influencing kinase activity or protein stability, a single point mutation at a conserved amino-acid residue in PB1 (W414F in murine Plk1) was sufficient to disrupt the localization and mitotic functions of Plk1 in budding yeast (Lee et al., 1998) . These results suggest that the polo-box is critical for targeting the catalytic activity of Plk1 to specific subcellular locations and that this step is required for Plk1 function. Analogous mutations in the PB1 impaired both the localization and mitotic functions of Cdc5 and Plk1 in their native organisms (Song et al., 2000; Seong et al., 2002) . Thus, the role of the polo-box domain (PBD) is conserved in various eucaryotic organisms. Interestingly, neither PB1 nor PB2 alone was sufficient to dictate the localization of Plk1 in cultured mammalian cells (Seong et al., 2002) , suggesting that both PB1 and PB2 are required to form a binding motif that interacts with its target proteins at specific subcellular sites.
Recently, studies by Elia et al. (2003a, b) provide an insight as to how the PBD specifically interacts with its binding targets at a molecular level. Their data show that the PBD of Plk1 binds optimal phosphopeptide sequences of Ser-pThr/pSer-Pro/X with a critical requirement for a Ser at the pThrÀ1 position and a loose selectivity for a Pro at the pThr þ 1 position (Elia et al., 2003a) . The results from a peptide library screening with various Plk homologs from different organisms revealed that they universally bind to a peptide phosphorylated by cyclin-dependent protein kinases (Cdks) or other Pro-directed kinases (Elia et al., 2003a, b) , suggesting a common binding mechanism. Consistent with the requirement of both PB1 and PB2 for the subcellular Figure 1 Schematic comparison of primary amino-acid sequences for Cdc5, Plk1, and Plo1. Both sequence identities and similarities (percentages in parenthesis) between human Plk1 and Cdc5 or Plo1 are shown. Numbers indicate amino-acid residues in each sequence Figure 2 Localization of Cdc5 during the cell cycle. Cells expressing a GFP-Cdc5 under endogenous CDC5 promoter control were fixed with 3.7% formaldehyde, and then either observed directly (a) or subjected to immunostaining with anti-tubulin antibody (b). The first image in (a) was obtained from G1-arrested cells with a factor treatment. All the other images were obtained from asynchronously growing cells. Arrowheads indicate SPB-localized Cdc5, whereas arrows indicate bud-neck-localized Cdc5. Nuclearlocalized GFP-Cdc5 signals are less evident but still detectable in both (a) and (b). DNA was stained with 4 0 ,6 0 -diamidino-2-phenylindole (DAPI) localization of Plk1 (Seong et al., 2002) , analysis of the co-crystal structure of the Plk1 PBD bound to its optimal phosphopeptide revealed that PB1 and PB2 dimerize to form a phosphorecognition module (Elia et al., 2003b) . Furthermore, the strict selectivity for a Ser at the pThrÀ1 position appears to be the result of its engagement in two hydrogen bond interactions with Trp414 (Elia et al., 2003b) , the residue that is critical for subcellular localization (Lee et al., 1998) . Consistent with the importance of these interactions, the W414 residue is absolutely conserved among all the Plks family members.
Although the phosphorecognition module has been shown to be important for the Plks PBD interactions (Elia et al., 2003a; Litvak et al., 2004) , whether this mechanism is universal for the PBD-dependent Plks interactions needs to be determined. In budding yeast, Cdc5 appears to interact with multiple components within the SPB (e.g., Bbp1, Bfa1, Nud1, Spc72, etc.) (Hu et al., 2001; Ho et al., 2002; Park et al., 2004; J-E Park and KS Lee, unpublished data) and the bud-neck (e.g., Cdc11, Cdc12, Swe1, Hsl1, etc.) (Bartholomew et al., 2001; Song and Lee, 2001; Sakchaisri et al., 2004; J-E Park and KS Lee, unpublished) . However, only Bbp1, Swe1, and Hsl1 can be phosphorylated by Cdc28 (budding yeast Cdk1) in vitro (Ubersax et al., 2003) . In addition, acute inhibition of chemically sensitive Cdc28 (cdc28-as) activity with 1NM-PP1 (4-amino-1-tert-butyl-3-(1-napthylmethyl)pyrazolo [3,4-d] pyrimidine) (Bishop et al., 1998) only partially delocalized GFP-fused Cdc5 from the cytokinetic neckfilament and did not significantly influence GFP-Cdc5 localization at the SPB in nocodazole-arrested cells (J-E Park and KS Lee, unpublished data). These observations suggest that Cdc28-dependent phosphorylation events are not critically required for Cdc5 localizations in mitotic cells. It is possible that a priming phosphorylation step may not be necessary for some of the Cdc5 interactions, although it may promote the interactions. Alternatively, some of the PBD-binding targets may already have a negatively charged residue to mimic phosphorylation. Additional characterization of the interactions between Cdc5 and its binding targets is necessary to better understand the nature of these interactions at specific subcellular locations.
Regulation of protein synthesis and degradation
In mammalian cells, the levels of both Plk1 mRNA and protein become abundant in late G2 phase and early M phase (Golsteyn et al., 1995; Lee et al., 1995) . The Plk1 protein level diminishes as cells progress through anaphase but persists longer than that of Cdc2 (Lee et al., 1995) . In addition to these regulations at the mRNA and protein levels, Plk1 is rapidly phosphorylated and activated in late G2 (Hamanaka et al., 1995; Lee et al., 1995) , suggesting another layer of regulation at the post-translational level. Similar to Plk1 regulation, the level of budding yeast Cdc5 transcripts increases as cells approach M phase (Kitada et al., 1993) , and the Cdc5 protein level closely parallels that of mitotic cyclin Clb2 throughout the cell cycle (Charles et al., 1998; Cheng et al., 1998) . Cdc5 activity peaks at about the time when Cdc28 becomes active and decreases as the activity of anaphase-promoting complex (APC) rises, perhaps following mitotic exit (Charles et al., 1998; Cheng et al., 1998) . As with Plk1 regulation (Fang et al., 1988) , Cdc5 is degraded through APC/Cdh1-dependent proteolysis in G1 (Charles et al., 1998; Shirayama et al., 1998) . Two putative destruction boxes present in the N-terminal sequence appear to be responsible for the degradation (Shirayama et al., 1998) . Cdc5 positively regulates APC/ Cdh1 activity to destroy mitotic cyclins and downregulate the Cdc28 activity (Charles et al., 1998; Shirayama et al., 1998; also, see below) . Thus, the proteolysis of Cdc5 in G1 could be important in preventing cyclin proteolysis as cells proceed through the next round of the cell cycle.
In contrast to Plk1 and Cdc5, the levels of both Plo1 transcript and protein do not change significantly throughout the cell cycle. However, Plo1 localizes to the SPB after mitotic entry and delocalizes from it following APC activation (Mulvihill et al., 1999) . Close examination of Plo1 activities with synchronous cultures revealed that Plo1 activation occurs in a biphasic manner; the first phase of Plo1 activity coincides with actin ring formation in prophase, whereas the second peak precedes septum formation late in mitosis (Tanaka et al., 2001) . These data suggest that timely activation and dynamic subcellular localization of Plo1 are critical for regulating Plo1 function.
Activator(s) of Cdc5 and Plo1
Analyses of Plk1 activity during cell cycle progression suggested that Plk1 is activated by an upstream kinase (Hamanaka et al., 1995; Lee et al., 1995) . Subsequently, polo-like kinase kinase 1 (or xPlkk1) that phosphorylates and activates Xenopus polo-like kinase Plx1 in vitro was purified (Qian et al., 1998) . However, further in vivo biochemical analyses revealed that depletion of Plx1 from oocyte extracts prior to stimulation of the G2/M transition prevented the activation of xPlkk1, whereas depletion of xPlkk1 before stimulation did not block Plx1 activation . These observations suggest that xPlkk1 is a downstream target of Plx1 and that Plx1 activates xPlkk1 in a positive feedback loop. Thus, the identity of the Plk1 upstream kinase is still elusive. Similarly, the question of how budding yeast Cdc5 is activated remains unanswered. xPlkk1 exhibits 36% identity to the kinase domain of the budding yeast PAK-related kinase Ste20, which functions in the mating pheromone-response pathway (Leberer et al., 1992 ). Ste20 appears to have a nonoverlapped mitotic role with another PAK-related kinase Cla4, because the ste20D cla4D double mutant exhibits mitotic arrest (Mitchell and Sprague, 2001 ). Several other PAK-related kinases also exist in both budding yeast and fission yeast. Whether Ste20, Cla4, or any other PAK-related kinases function as an activating kinase or a downstream effector of Cdc5 or Plo1 has yet to be investigated.
Mitotic functions of yeast polo kinases

G2/M transition
Entry into mitosis is regulated by an intricate network of kinases and phosphatases that coordinately bring about reorganization of various subcellular structures. A key regulatory component for this event is cyclin B-bound Cdc2 (Harper and Adams, 2001 ). In fission yeast and higher eucaryotes, Cdc2 is phosphorylated at Tyr15 and negatively regulated by Wee1 (Russell and Nurse, 1987; Parker and Piwnica-Worms, 1992; McGowan and Russell, 1993) , an event that is reversed by the activity of Cdc25C phosphatase (Draetta and Eckstein, 1997; Nilsson and Hoffmann, 2000) . Wee1, in turn, is phosphorylated and negatively regulated by a pair of related kinases, Nim1/Cdr1 (Russell and Nurse, 1987; Coleman et al., 1993; Parker et al., 1993) and Cdr2 (Breeding et al., 1998; Kanoh and Russell, 1998) . In budding yeast, Clb (cyclin B homolog)-bound Cdc28 is phosphorylated at the equivalent Tyr19 and negatively regulated by the Wee1 ortholog Swe1 (Booher et al., 1993) , which is antagonized by the action of the Cdc25 ortholog Mih1 (Russell et al., 1989; Sia et al., 1996) . Thus, it appears very likely that key components regulating the G2/M transition are largely conserved among various eucaryotic organisms ( Figure 3 ).
Various studies support the notion that vertebrate Plks promote G2/M transition by coordinately regulating both positive and negative regulators of Cdc2 (Abrieu et al., 1998; Qian et al., 2001; Nakajima et al., 2003; Watanabe et al., 2004) . Plks directly phosphorylate and activate Cdc25C (Kumagai and Dunphy, 1996; Abrieu et al., 1998; Qian et al., 2001 ) and also promote its nuclear entry (Toyoshima-Morimoto et al., 2002), whereas they phosphorylate and downregulate Myt1 and Wee1A (Nakajima et al., 2003; Watanabe et al., 2004) . In budding yeast, it is not known whether Cdc5 phosphorylates and regulates MIH1 function. However, accumulated data indicate that Cdc5 interacts with and regulates Swe1 function (Bartholomew et al., 2001; McMillan et al., 2002; Park et al., 2003) through direct phosphorylation ; see below) ( Figure 3 ). Unlike other eucaryotes, it is unclear whether fission yeast Plo1 functions at the G2/M transition, since it becomes active after Cdk1 activation (Tanaka et al., 2001) .
In budding yeast, disturbance in actin organization or defects in septin filament assembly lead to hypophosphorylation and stabilization of Swe1, which results in a Swe1-dependent delay at the G2/M transition (Barral et al., 1999; Edgington et al., 1999; McMillan et al., 1999; Shulewitz et al., 1999) . Thus, regulation of Swe1 is critical in linking mitotic entry with cytoskeletal organization. In a normal cell cycle, Swe1 accumulates in S phase and becomes sequentially hyperphosphorylated (Shulewitz et al., 1999; Sreenivasan and Kellogg, 1999; Harvey and Kellogg, 2003) . These multiply phosphorylated Swe1 isoforms are susceptible to ubiquitination and subsequent degradation (Sia et al., 1998; McMillan et al., 2002 ) through a protease-containing complex called the 26S proteosome (Hochstrasser, 1996) . Cells lacking the APC and Pds1 (securin) (Cohen-Fix et al., 1996) but kept viable by inhibiting Cdc28 activity substantially stabilize the phosphorylated Swe1 protein (Thornton and Toczyski, 2003) , suggesting that the APC is largely responsible for the degradation of hyperphosphorylated Swe1.
How then is Swe1 phosphorylation regulated? Like other organisms, Hsl1 (Nim1/Cdr1 ortholog) appears to be a critical component for Swe1 regulation, since loss of Hsl1 (and also its associating protein Hsl7) results in hypophosphorylation and stabilization of Swe1 in vivo (Shulewitz et al., 1999) . However, Hsl1 does not appear to phosphorylate Swe1 (Cid et al., 2001) , suggesting that other kinases are responsible for Swe1 phosphorylation and degradation. In vitro biochemical analysis showed that Cdc5 phosphorylates Swe1 directly . In addition, a Swe1 mutant lacking Cdc5-dependent phosphorylation sites became stable in vivo and imposed a G2/M transition delay . Consistent with these observations, specific elimination of the Cdc5 population from the bud-neck by tightly tethering the kinase domain of Cdc5 to the SPB was sufficient to prevent hyperphosphorylation and degradation of Swe1 . Thus, the Cdc5 population at the bud-neck is critical for timely phosphorylation and degradation of Swe1 prior to G2/ M transition.
However, Cdc5 is not the only kinase responsible for Swe1 phosphorylation and destruction. A PAK homolog Cla4 (Benton et al., 1997) directly phosphorylates and regulates Swe1 stability . In addition, Clb-Cdc28 complexes associate with and phosphorylate Swe1 (Sia et al., 1998; McMillan et al., 2002) , suggesting the existence of a positive feedback mechanism. Since Cdk1-dependent phosphorylation Figure 3 Diagrams comparing the Cdk1 activation pathways between budding yeast and vertebrates. Cdc5 or Plk1 plays a key role in coordinating both positive (Mih1 or Cdc25C) and negative (Swe1 or Wee1A) regulators of Cdk1 (Cdc28 or Cdc2). Direct upstream kinase(s) of Cdc5 and Plk1 are largely elusive. Hsl1 is critical for Swe1 localization to the bud-neck and has a primary amino-acid sequence that closely resembles Nim1. However, it does not appear to phosphorylate Swe1 directly. Dotted lines indicate biochemical steps that require further investigation provides a docking site for the polo-box-dependent interactions (Elia et al., 2003a; Litvak et al., 2004) , it will be interesting to examine whether Cdc28 primes Swe1 to promote subsequent Cdc5-dependent Swe1 phosphorylation. In addition, how multiple kinases cooperate to efficiently phosphorylate and regulate Swe1 stability and whether these phosphorylations regulate the kinase activity of Swe1 are intriguing questions that require further investigation.
To facilitate multikinase-dependent Swe1 phosphorylation, budding yeast utilizes septin filaments at the bud-neck as a platform to recruit components important for Swe1 regulation. Previous studies have shown that Hsl1 activity and the localization of Hsl1 and Hsl7 depend on septin filament assembly at the bud-neck (Barral et al., 1999; Hanrahan and Snyder, 2003; Theesfeld et al., 2003) . In turn, Hsl1 and Hsl7 are required for efficient recruitment of Swe1 (McMillan et al., 1999; Shulewitz et al., 1999; Longtine et al., 2000) and Cdc5 to the bud-neck, and also for the efficient phosphorylation of Swe1 by Cdc5 in vivo (S Asano, J-E Park, and KS Lee, unpublished data). Thus, Hsl1 and Hsl7 may function as a scaffold to bring Cdc5 (and also perhaps Cla4) in the proximity of Swe1, and therefore promote Swe1 phosphorylation by these kinases. However, it is interesting to note that the bud-neck structure does not exist in higher eucaryotic organisms. Whether the septin filament-dependent Hsl1 and Hsl7 tether is uniquely evolved in budding yeast to regulate efficiently the Swe1-dependent morphogenesis checkpoint or whether vertebrates have other means to promote Plks-Wee1 interactions remains to be investigated.
Metaphase/anaphase transition
Separation of sister chromatids occurs shortly after all the chromosomes congregated at the metaphase plate have undergone proper bipolar attachment to the spindle. This event requires the removal of a class of conserved proteins called cohesions (yeast cohesin complex contains Scc1 (Rec8 for meiosis), Scc3, Smc1, and Smc3; for reviews, see Nasmyth et al., 2000; Amon, 2001 ) from sister chromatids prior to the onset of anaphase. Cohesins hold sister chromatids together and are cleaved by the action of an endopeptidase called separase (also called separin; Esp1 in budding yeast and Cut1 in fission yeast) (Funabiki et al., 1996a; Kumada et al., 1998; Uhlmann et al., 1999 Uhlmann et al., , 2000 . Until the onset of anaphase, securin (Pds1 in budding yeast and Cut2 in fission yeast) prevents separase from accessing cohesins (Cohen-Fix et al., 1996; Funabiki et al., 1996b; Ciosk et al., 1998) , thus protecting cohesins from unscheduled cleavage by separase (Figure 4 ). Securin is ubiquitinated by the Cdc20-assocaited APC (APC/Cdc20) and degraded through the 26S proteosome (Visintin et al., 1997; Lim et al., 1998) . A single unattached chromosome is sufficient to trigger the spindle assembly checkpoint that potently inhibits APC/Cdc20-dependent securin destruction and therefore the onset of anaphase (Yu, 2002; Chan and Yen, 2003) .
Studies in both budding yeast and vertebrates showed that Plks (Plk1 and Cdc5) phosphorylate cohesins to promote sister chromatid separation (Alexandru et al., 2001; Sumara et al., 2002; Clyne et al., 2003; Lee and Amon, 2003) . In vertebrates, cohesins are removed from chromosomes in two sequential steps: the first phase of nonproteolytic cohesin dissociation in prophase and prometaphase followed by the second phase of proteolytic cleavage of Scc1 by separase at the metaphase/ anaphase transition Waizenegger et al., 2000; Hauf et al., 2001; Losada et al., 2002; Sumara et al., 2002) . Sumara et al. have shown that vertebrate Plks (Xenopus Plx1 and mammalian Plk1) directly phosphorylate two of the cohesin subunits, Scc1 and SA1/SA2 (budding yeast Scc3 homologs; either SA1 or SA2 is present in the cohesin complex; for a review, see Amon, 2001 ). This event reduces the affinity of cohesions for chromatin, thus resulting in dissociation of cohesins from the condensed chromosomal arms during prophase and prometaphase (Sumara et al., 2002) . The residual cohesions present at the centromeres are removed at the onset of anaphase by separasemediated proteolytic cleavage of Scc1 (Waizenegger et al., 2000) and this step is essential for sister chromatid separation Hauf et al., 2001) (Figure 4) .
Unlike vertebrates, however, budding yeast cohesins do not appear to dissociate from the sister chromatids in early mitosis, but rather are removed from chromosomes at anaphase onset by separase-catalysed cleavage Figure 4 Regulation of cohesin removal in budding yeast and vertebrates. Sister chromatids are held together by cohesin complexes. Destruction of Pds1 (securin) by APC/Cdc20-dependent proteolysis permits Esp1 (separase) to cleave Scc1, resulting in sister-chromatid separation. Plks (Cdc5 and Plk1)-dependent phosphorylation onto cohesin subunits promotes dissociation of cohesins in early mitosis and/or cleavage of Scc1 prior to the onset of anaphase. Other mitotic kinase(s) may also function together with Cdc5 for proper cohesin phosphorylation and removal Waizenegger et al., 2000) . Cdc5-dependent phosphorylation of one of the cohesion subunits, Scc1, and its meiotic counterpart Rec8 promotes its cleavage (Alexandru et al., 2001; Clyne et al., 2003; Lee and Amon, 2003 ; for a review, see Cohen-Fix, 2003) (Figure 4 ). Cdc5 is also required for the formation of chiasmata and co-orientation of sister kinetochores during meiosis I (Clyne et al., 2003; Lee and Amon, 2003) . In fission yeast, cleavage of the Scc1 homolog, Rad21, was found to be essential for chromosome segregation (Tomonaga et al., 2000) , although it is not known whether Plo1 phosphorylates and promotes its cleavage. Thus, although the mechanisms of removing cohesins from chromosomes could be distinct among various organisms, Plks appear to play a critical role in this event. Since a priming phosphorylation is critical for many of the Plks-dependent phosphorylations, other mitotic kinases or Plks' docking proteins may also be involved in cohesin phosphorylation. Identification of these proteins and investigation of how they cooperate with Plks for timely removal of cohesins from sister chromatids are intriguing questions that demand further study.
FEAR and mitotic exit
In all eucaryotic organisms, exit from mitosis requires the inactivation of mitotic Cdk1 activity, and this step is a prerequisite for the onset of cytokinesis. Unlike other eucaryotic organisms, the inactivation of budding yeast Cdc28-Clb occurs after metaphase/anaphase transition (Ghiara et al., 1991; Surana et al., 1993) , and it is achieved through the successive actions of two cooperative, yet distinct, pathways termed FEAR (Cdc Fourteen Early Anaphase Release) network (Stegmeier et al., 2002) and MEN (Mitotic Exit Network) (for reviews, see Bardin and Amon, 2001; Jensen et al., 2002b; Jensen and Johnston, 2002) . Both genetic and biochemical analyses showed that Cdc5 plays an important role in regulating both of these pathways.
The key effector of these two pathways is the dualspecific phosphatase Cdc14 (Taylor et al., 1997) , which antagonizes the mitotic Cdk1 activity by reversing Cdk1-dependent phosphorylation events (Visintin et al., 1998; see below) . During interphase and early mitosis, a nucleolar protein Net1/Cfi1 binds to and sequesters Cdc14 in the nucleolus before being released into the nucleus and the cytoplasm (Visintin et al., 1999; Shou et al., 2001) . Close examination of Cdc14 localization during cell cycle progression revealed that Cdc14 is released from the nucleolus in a biphasic manner (Stegmeier et al., 2002) : a small fraction of Cdc14 release in early anaphase (FEAR) followed by a bulk of Cdc14 release in the late anaphase/telophase (MEN). Components involved in the FEAR have been identified and include Cdc5 (Kitada et al., 1993) , Spo12 (Shah et al., 2001) , Esp1 (separase) (Baum et al., 1988; Ciosk et al., 1998) , and Slk19 (Zeng et al., 1999) . It is interesting to note that, unlike other MEN components (see below), mutations in Cdc5 fail to release Cdc14 in early anaphase (Stegmeier et al., 2002) . In addition, catalytic activity of Esp1 and cleavage of its kinetochore-associating substrate Slk19 (Zeng et al., 1999) are not required for the FEAR (Sullivan and Uhlmann, 2003) . Rather, this activity appears to be important for the function of late mitotic spindles, since the Esp1-cleaved Slk19 C-terminal fragment localizes and stabilizes the anaphase spindle (Sullivan et al., 2001 ). At present, how the FEAR pathway is activated and how the signal for the Cdc14 release is relayed is not known. Identification of additional components involved in the FEAR pathway will be required to address these questions. Since Cdc5 plays a role in both the FEAR and the MEN (see below), Cdc5 may coordinate these two pathways, perhaps by directly phosphorylating and regulating components in each pathway. Interestingly, Slk19 cleavage by Esp1 is shown to require its phosphorylation (Sullivan et al., 2001) . Since Scc1 cleavage by Esp1 is promoted by Cdc5-dependent phosphorylation, it will be interesting to examine whether Cdc5 phosphorylates Slk19 to promote its cleavage.
The FEAR-released Cdc14 is important for relocalization of the Ipl1/Sli15 complex to the spindle midzone (Pereira and Schiebel, 2003) and enhancement of cytoplasmic microtubule-associated force to promote chromosome segregation into the mother cell (Ross and Cohen-Fix, 2004) . However, the FEAR-released Cdc14 is not sufficient to trigger mitotic exit. Rather, it augments the MEN by localizing to the SPB, and dephosphorylating and activating one of the MEN components Cdc15 (Jaspersen and Morgan, 2000; Pereira et al., 2002; Stegmeier et al., 2002; Yoshida et al., 2002) . Thus, MEN activity is required for further promotion of the early Cdc14 activity transiently released by the FEAR.
Mitotic exit in budding yeast is spatially regulated. A small Ras-like Tem1 GTPase (Geymonat et al., 2002) and its two-component GAPs, Bfa1 and Bub2 (Geymonat et al., 2003) , are present at the cytoplasmic side of the SPB that migrates into the bud, whereas Tem1's GTP/GDP exchange factor Lte1 localizes to the bud cortex (Bardin et al., 2000; Pereira et al., 2000) . Lte1 localization to the bud cortex is promoted by Cdk1 and Cla4, whereas Lte1 dissociation from the bud cortex is promoted by Cdc14 (Hofken and Schiebel, 2002; Jensen et al., 2002a) , perhaps in a positive feedback loop. Thus, this spatial separation prevents Tem1 activation until after the SPB enters the bud (Bardin et al., 2000; Pereira et al., 2000) . In addition, Cdc5-dependent activity appears to be critical for activating the MEN. Hu et al. (2001) demonstrated that Cdc5 directly phosphorylates and reduces the ability of Bfa1/Bub2 GAP to interact with Tem1, a step that facilitates the interaction between the GTP-loaded Tem1 and its downstream effector Cdc15 (Ro et al., 2002) . The Cdc15-Dbf2/Mob1 protein kinase cascade then triggers the release of a bulk of Cdc14 from its nucleolus anchor Net1/Cfi1 (Visintin et al., 1999; Shou et al., 2001) (Figure 5 ). The MENreleased Cdc14 then dephosphorylates and activates APC/Cdh1 (Schwab et al., 1997; Visintin et al., 1997) , stabilizes a Cdk1 inhibitor Sic1 (Mendenhall, 1993; Schwob et al., 1994) , and promotes the nuclear entry of an SIC1 transcription factor Swi5 (Knapp et al., 1996; Toyn et al., 1996) . These events collectively bring about a precipitous collapse of Cdc28-Clb activity to allow mitotic exit. As the cells exit mitosis, Cdc14 dephosphorylates Bfa1, an event that reactivates the Bfa1/ Bub2 complex by counteracting the proceeding Cdc5-dependent phosphorylation (Pereira et al., 2002) , and keeps the MEN in an inactive state until next mitotic exit.
Downregulation of Cdk1 activity in mammalian cells occurs at the metaphase/anaphase transition (Clute and Pines, 1999) as cells are poised to separate sister chromatids. In contrast, Cdk1 activity in budding yeast persists even after the metaphase/anaphase transition (Surana et al., 1993) and is downregulated through the coordinated actions of the FEAR and the MEN. This stepwise anaphase progression and mitotic exit is likely critical in budding yeast because, unlike vertebrates and fission yeast, budding yeast must orient and elongate the mitotic spindles through the bud-neck to position the mitotic spindles between mother and daughter cells prior to the onset of cytokinesis. Interestingly, the FEAR and the MEN must be activated in an ordered manner, but how this order is maintained is not known. Since Cdc5 regulates both the FEAR and the MEN, it is uniquely positioned to coordinate these two pathways. Perhaps this is accomplished by acting together with other component(s), which imposes temporal regulation of Cdc5 functions in each pathway. Identification of additional Cdc5-binding proteins and physiological substrates is needed to better understand how the FEAR and the MEN are sequentially activated to bring about late mitotic events.
Cytokinesis
A growing body of evidence suggests that Plks play a role in cytokinesis of diverse organisms (Ohkura et al., 1995; Mundt et al., 1997; Bahler et al., 1998; Carmena et al., 1998; Lee et al., 1999; Song and Lee, 2001; Tanaka et al., 2001) . In fission yeast, loss of Plo1 function leads to the generation of multinucleate cells with defects in actin ring and septum formation, suggesting that Plo1 activity may be required for at least two important cytokinetic events. In early mitosis, concomitant with a mild Plo1 activation (Tanaka et al., 2001) , Plo1 weakly localizes to the future division site (Bahler et al., 1998; Mulvihill et al., 1999) , and this localization appears to be important for the placement and organization of an actin-based medial ring (Bahler et al., 1998) . Mid1/ Dmf1 was also shown to be required for positioning the cell division site (Chang et al., 1996; Sohrmann et al., 1996) . Mid1/Dmf1 localizes in the nucleus during interphase and associates with filamentous actin in early mitosis (Sohrmann et al., 1996) . Plo1 binds to Mid1/ Dmf1 in yeast two-hybrid analysis and is required for the export of Mid1/Dmf1 from the nucleus (Bahler et al., 1998) . These observations suggest that Plo1 regulates the Mid1/Dmf1 function directly, perhaps through phosphorylation. Whether an analogous mechanism exists in other eucaryotic organisms is Figure 5 Schematic diagrams for the budding yeast MEN, the fission yeast SIN, and a hypothetical analogous pathway in mammals. The MEN and the SIN are composed of structurally related proteins functioning at each tier of the pathway (see text for details), suggesting that the signaling module is conserved. Although earlier studies suggest that these two pathways have distinct biological functions for mitotic exit (for the MEN) and cytokinesis (for the SIN), accumulating evidence suggests that they have significant functional overlaps. The FEAR-released Cdc14 (barbed arrow) promotes the MEN by localizing to the SPB and dephosphorylating Cdc15. This alone is not sufficient to initiate mitotic exit. Following the FEAR, activation of the MEN releases a bulk of Cdc14 (bold arrow), which triggers mitotic exit and cytokinesis. How Cdc5 performs the complex temporal regulation of FEAR, MEN, and cytokinesis is not clear, leading to speculation that other factors probably coordinate with Cdc5 in multitasking these events. In mammals, Plk1 and a pair of Cdc14 homologs (Cdc14B and Cdc14A) appear to play a role in mitotic exit and cytokinesis, respectively. However, whether an analogous MEN/SIN pathway operates in metazoan organisms remains to be investigated unclear. Mid1/Dmf1 exhibits some degree of structural similarities with a Drosophila contractile ring component, anillin (Field and Alberts, 1995) . However, no apparent Mid1/Dmf1 homolog exists in the budding yeast genome, suggesting that budding yeast may use a distinct mechanism in the positioning of division sites. In fact, the future cytokinetic site in budding yeast is defined early in the cell cycle through the formation of the septin ring filament at the bud-neck.
The second phase of Plo1 activation correlates with the timing of septum formation, which is regulated by a signaling network termed septation initiation network (SIN) (for reviews, see Bardin and Amon, 2001; Gruneberg and Nigg, 2003) . The SIN in fission yeast is composed of proteins structurally related to those in the MEN and they function at each tier of the pathway ( Figure 5 ). This suggests conservation of this signaling module between these two organisms (for reviews, see Bardin and Amon, 2001; ). Localization of Plo1 to the SPB occurs following Cdc2 activation, and is antagonized by Dma1 (Guertin et al., 2002) . Genetic analysis places Plo1 upstream of the Spg1 GTPase (Tem1 homolog) (Mulvihill et al., 1999; Tanaka et al., 2001) . Spg1 localizes to the SPB throughout the cell cycle (Sohrmann et al., 1998) , and the two-component GAP composed of Byr4 and Cdc16 (Bfa1 and Bub2 homologs, respectively) (Furge et al., 1998) inhibits Spg1 until the initiation of mitosis. At present, it is not known whether Plo1 phosphorylates and regulates Byr4 function as observed with budding yeast homologs. However, similar to the Tem1-Cdc15 interaction in budding yeast (Ro et al., 2002) , the GTP-bound Spg1 recruits and binds directly with Cdc7 (Cdc15 homolog) at the SPB after the dissociation of Byr4/Cdc16 from the SPB (Sohrmann et al., 1998; Li et al., 2000) . Sid1-Cdc14 is then recruited to the SPB that contains activated Spg1 and Cdc7 (Guertin et al., 2000) . Interestingly, the Sid2-Mob1 (Dbf2-Mob1 homologs) complex localizes to the SPB throughout the cell cycle and localizes to the medial ring after being activated at the SPB (Sparks et al., 1999; Hou et al., 2000; Salimova et al., 2000) . This medial ring-localized Sid2-Mob1 is thought to be critical for septation (Hou et al., 2000; Hou et al., 2004) . In addition, Clp1 (Cdc14 ortholog) potentiates the SIN by antagonizing Cdk activity until the end of cytokinesis and also regulates G2/M transition to prevent precocious mitotic entry (Cueille et al., 2001; Trautmann et al., 2001) .
It is apparent that there is some degree of functional conservation for cytokinesis between the MEN and the SIN. Besides their roles in mitotic exit, components in the MEN such as Cdc5, Tem1, Cdc15, Dbf2-Mob1, and Cdc14 are required for proper actin ring formation at the mother-bud-neck (Jimenez et al., 1998; Frenz et al., 2000; Lee et al., 2001) . Consistent with their roles in cytokinesis, both Cdc15 and Dbf2-Mob1 localize to the bud-neck in late mitosis following the downregulation of Cdk1 activity (Xu et al., 2000; Luca et al., 2001; Menssen et al., 2001; Bardin et al., 2003; Lim et al., 2003) . Unlike Cdc15 and Dbf2, however, Cdc5 localizes to the neck as early as G2 (prior to Cdc28 downregulation) and remains at this structure until late mitosis , suggestive of additional role(s) at the neck. In support of this view, the early neck-localized Cdc5 population is critical for phosphorylation and downregulation of Swe1 . Interestingly, analyses of temperature-sensitive cdc5 mutants showed that these mutants exhibit defects in both membrane closure and septum formation even after mitotic exit defect is bypassed (Park et al., 2003) . These observations suggest that, in addition to the MEN-dependent role for cytokinesis, Cdc5 also regulates cytokinesis in a MEN-independent manner. Both MEN-independent and -dependent roles of Cdc5 in cytokinesis appear to parallel the dual functions of Plo1 in the SIN-independent actomyosin ring formation and the SIN-dependent septum formation.
Whether a Ras-like signaling cascade analogous to the MEN or SIN exists in mammalian cells is not clear at present. Tem1 and Spg1 are closely related to the Rab family of GTPases (Stenmark and Olkkonen, 2001) . However, no known Rabs have been shown to be required for mitotic exit or cytokinesis. Interestingly, the kinase domain of Warts/Lats1 exhibits a significant degree of sequence identity to Dbf2 (34%) and localizes to the interphase centrosomes and mitotic midbody (Nishiyama et al., 1999; Tao et al., 1999; Hirota et al., 2000) . A conserved nuclear protein kinase Ndr2 (Millward et al., 1995 (Millward et al., , 1999 is also closely related to Dbf2 (35% identity). However, whether they have a role in mitotic exit or cytokinesis is not known. In addition, two human homologs of budding yeast Cdc14 (hCdc14A and hCdc14B) have been identified through sequence homology . Reminiscent of the localization pattern of budding yeast Cdc14 to the nucleolus and the SPBs, hCdc14A localizes to the centrosomes, whereas hCdc14B localizes to the nucleolus (Mailand et al., 2002 ). hCdc14A appears to be required for centrosome separation and chromosome segregation Mailand et al., 2002) and can dephosphorylate Cdh1 and activate APC/Cdh1 in vitro (Bembenek and Yu, 2001) . In contrast, Cdc14B appears to have a role in promoting mitotic exit by dephosphorylating Sirt2 (Mailand et al., 2002; Dryden et al., 2003) . Equivalent subcellular localizations and some degree of functional similarities of hCdc14A and hCdc14B with those of budding yeast Cdc14 suggest that the roles of Cdc14A and Cdc14B have diverged in higher eucaryotic cells. Identification of components important for the regulation of Cdc14 homologs and their physiological substrates is necessary to better comprehend the role of these proteins in mitotic exit and cytokinesis.
Other mitotic functions
Microtubule regulation In cultured mammalian cells, microinjection of anti-Plk1 antibody or expression of a dominant-negative PBD of Plk1 induces a defect in proper bipolar spindle formations (Lane and Nigg, 1996; Seong et al., 2002) . Loss of fission yeast Plo1 function leads to a mitotic arrest in which condensed chromosomes are associated with a monopolar spindle (Ohkura et al., 1995) . In addition, microtubule nucleation activity of the salt-stripped Drosophila centrosomes can be rescued upon addition of active recombinant Polo (De Carcer et al., 2001) . These findings suggest that one of the most critical functions of Plks is to regulate bipolar spindle formation. In line with these observations, Plks interact with and regulate numerous microtubule-associating proteins such as Nlp (Casenghi et al., 2003) , Stathmin/Op18 (Budde et al., 2001) , MKLP-1 (Lee et al., 1995; Liu et al., 2004) , MKLP-2 (Neef et al., 2003) , TCTP (Yarm, 2002) , and NudC (Zhou et al., 2003) . Unlike other organisms, however, the role of budding yeast Cdc5 in microtubule function has not been reported. Cells depleted of Cdc5 exhibited a diminished rate of microtubule nucleation and shorter spindle length (CJ Park and KS Lee, unpublished) . In addition, a low concentration of benomyl, a microtubule-depolymerizing agent, suppressed the growth defect associated with temperature-sensitive cdc5 mutations (CJ Park and KS Lee, unpublished) . These observations suggest that Cdc5 is likely required for both microtubule nucleation and dynamics. However, budding yeast forms a short (o1 mm) intranuclear spindle between the two SPBs shortly after bud emergence (S phase) (Botstein et al., 1997) , the stage where Cdc5 is localized to the SPB but not active. Thus, Cdc5 activity is not essential for the establishment of the bipolar spindle. Further studies are needed to determine the exact role of Cdc5 in regulating microtubule functions and bipolar spindle formation.
DNA damage checkpoint In response to DNA damage, budding yeast arrests in metaphase with active ClbCdc28, but eventually continues through the cell cycle even if the damage is not repaired. However, a mutation in CDC5 (cdc5-ad) completely eliminates the ability of these cells to over-ride cell cycle arrest even in the presence of an irreparable double-strand DNA break (Toczyski et al., 1997) , suggesting a role for Cdc5 in DNA damage checkpoint adaptation. Overexpression of CDC5 over-rides DNA damage-induced checkpoint arrest (Sanchez et al., 1999) . Whereas mutations in CDC5 suppress the checkpoint deficiency of mutations in RAD53, a DNA damage checkpoint component downstream of MEC1 (Sun et al., 1998; Vialard et al., 1998) , whereas in addition, Cdc5 is phosphorylated in response to DNA damage in a RAD53-dependent fashion (Cheng et al., 1998) . These observations suggest that Rad53 inhibits the Cdc5-dependent pathway following DNA damage (Sanchez et al., 1999) and that Cdc5 functions in the adaptation of the checkpoint arrest presumably by acting in a feedback loop to regulate negatively the Rad53-dependent pathway (Pellicioli et al., 2001 ). An analogous adaptation pathway to irreparable DNA damage has not been described in mammalian cells. However, DNA damage in early mitotic cells results in inhibition of Plk1 activity and induces a block in mitotic exit (Smits et al., 2000) . Thus, inhibition of Plks and mitotic exit appears to be a universal mechanism when DNA is damaged during mitosis. It remains to be determined whether Rad53 directly regulates Cdc5 or regulates other components acting on Cdc5. In addition, how Cdc5 downregulates the DNA damage checkpoint pathway and what it targets for adaptation are important questions that need to be addressed.
Outlook and perspectives
In addition to the much-studied Cdks, it is now widely appreciated that Plks play pivotal roles in regulating mitotic progression and cellular proliferation. Plks are shown to cooperate with Cdk1 to bring about essential mitotic events for mitotic entry, sister-chromatid separation, mitotic exit, and cytokinesis. Thus, Plks function as an integral component of various mitotic regulatory circuits. Studies with budding yeast and fission yeast Plks have yielded a plethora of insightful information, but also have revealed several functional dissimilarities most likely because some of the hierarchies that regulate the mitotic and cytokinetic machineries are distinct between the two evolutionarily distinct organisms. However, there is no doubt that studies using these organisms will continue to provide valuable insights into the mitotic functions of Plks in higher eucaryotic organisms. Still, many important questions remain to be addressed. One of the most important issues is to determine the signaling cascade that leads to the Figure 6 Localization-specific mitotic functions of Cdc5 and Plo1. In budding yeast, Cdc5 localizes to the bud-neck (green ring) and interacts with components such as Hsl1, Swe1, and septins (Cdc11 and Cdc12). Cdc5 interactions with Hsl1 and Swe1 are likely critical for proper G2/M transition, whereas the physiological significance of Cdc11 and Cdc12 interactions is not known. Nuclear Cdc5 phosphorylates Scc1 to promote sister-chromatid separation. At the SPB (two green dots), Cdc5 phosphorylates Bfa1 and promotes mitotic exit. Cdc5 also interacts with other SPB components such as Bbp1, Nud1, and Spc72, and these interactions may be important to link mitotic exit with cytoplasmic microtubule organization. As with the importance of the SPB in cytokinesis in other eucaryotes, the SPB-associated Cdc5 may have a role in cytokinesis. In fission yeast, Plo1 regulates the localization of Mid1 to a medial ring (green ring). Whether Plo1 directly phosphorylates and regulates the Mid1 function is not known. By analogy with Cdc5-dependent Bfa1 regulation, Plo1 may phosphorylate and negatively regulate Byr4 at the SPB activation of Cdc5 or Po1. Given that yeast has a defined and much fewer number of protein kinases than those in higher eucaryotes, a proteomic approach will be feasible to identify Cdc5 or Plo1 upstream kinases or regulators. Data obtained from both budding and fission yeasts suggest that the localization of Plo1 or Cdc5 to the SPB and/or the cytokinetic structures is a critical step to trigger specific biochemical and cellular events at these locations ( Figure 6 ). Thus, it is important to understand how Cdc5 and Plo1 are timely recruited to these locations. In this regard, the PBD-dependent interaction with specific phosphopeptide sequences is intriguing. Since phosphorylated target proteins are generated by another mitotic kinase, this priming step clearly imposes an additional layer of temporal and spatial regulation of Cdc5 and Plo1 function. At present, a handful of substrates and binding proteins of Cdc5 or Plo1 have been identified (Figure 6 ). Whether these proteins provide docking sites for Cdc5 or Plo1 at specific subcellular locations and whether a priming phosphorylation is required for these interactions will be interesting to further investigate. Moreover, identification of additional substrates and binding targets of Cdc5 or Plo1 is critical for the various mitotic events that they regulate, and should prove to be an important challenge for years to come.
